To evaluate the effect of pregabalin on neural tube development using early chick embryos.
█ INTRODUCTION
F etal abnormalities, including neural tube defects, account for 65% of all malformations in newborns (4). The primary causes of neural tube defects include antiepileptic drug (AED) use by expecting mothers, malnutrition, toxicity, and radiation exposure (34) . Antiepileptic drugs, such as valproic acid, phenobarbital, phenytoin, and carbamazepine, have been reported to induce neural tube defects in earlier studies (23) ; however, these studies lack reliable data, particularly regarding recently developed drugs. Other experiments conducted on drugs, such as oxcarbazepine, topiramate, and zonisamide, have reported fewer fetal malformations (3, [18] [19] [20] 24, 26, 27, 29, 32) .
Pregabalin, an AED, is the structural analog of the inhibitory neurotransmitter, γ-amino butyric acid (GABA). Pregabalin regulates the activity of voltage gated Ca +2 channels by binding to their α2-δ subunits, which has been reported to be the mechanism underlying the action of pregabalin in alleviating neuropathic pain, anxiety, and epileptic seizures (33) . Pregabalin has been approved by the Food and Drug Administration (FDA) for neuropathic pain arising from postherpetic neuralgia, spinal cord injury, and diabetic peripheral neuropathy and also as adjunctive treatment for partial-onset seizures (30) . Etemad et al. have reported limb and craniofacial anomalies in pregabalin induced rodent fetus (10) . Furthermore, experiments performed in pregnant rabbits administrated with pregabalin have demonstrated low fetal weight and decreased ossification (6).
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To the best of our knowledge, there are no reports on the effects of pregabalin on the neural tube of developing chick embryos. Therefore, the present study was performed to investigate the effect of pregabalin on neural tube development in early chick embryos. 
█ MATERIAL and METHODS

Incubation and Injection
Experiments were performed on sixty eggs weighing 65 ± 5 g (mean ± SD), incubated at 37.5 ± 0.2°C and 60%-80% relative humidity for 24 hours. The eggs were repositioned on their axis every 2 hours. After 24 hours of incubation, all eggs that had reached the Hamburger-Hamilton stage 9 were opened (12), and observed under the 4× optical magnification. Then, the eggs were rinsed with 70% ethanol. The injection was given through a small hole. The drug was introduced under each embryonic disc using a 30-gauge syringe. After injection, the eggs were closed using sterile tape.
Drug Preparation
Pregabalin doses were estimated according to the weight of the eggs. An orally disintegrating 25-mg capsule of pregabalin (Lyrica ® (pregabaline), NY, Pfizer Inc, 2018) was dissolved in sodium chloride solution. Subsequently, pregabalin solutions of two concentrations were prepared as the therapeutic (600 mg/70kg; 0.01 mg/0.01 ml) and supratherapeutic (1200 mg/70kg; 0.02 mg/0.01 ml) dose and were injected under the embryonic discs using a 30-gauge syringe.
Groups
The study design comprised three groups, each constituting 20 eggs. One group served as the control group, and the other two groups were treated with the therapeutic or supratherapeutic dose of pregabalin. In all the groups, the eggs were closed, sealed with a sterile tape following injection, and incubated for 72 hours. Then, the eggs were reopened, and the embryos were dissected using the waterfloating technique. Following the dissection, the embryos were immersed in a 10% formalin solution for 24 hours. After 72 hours of incubation, the embryos were analyzed under a microscope using the Hamburger-Hamilton chick embryology classification system (12) .
H&E and Immunohistochemistry
All the samples were fixed in 10% formalin for 24 hours and embedded in paraffin. Five µm-thick sections were cut and dewaxed overnight at 60°C and were then deparaffinized in xylene for 30 minutes. After ethanol dehydration, the sections were washed with distilled water and stained with hematoxylin and eosin (H&E). Additional sections were also used for immunohistochemical staining. Tissues were first treated with 2% trypsin and incubated in 3% H 2 O 2 solution to inhibit endogenous peroxidase activity. They were then washed with PBS and incubated with anti-mTOR (sc-8319, Santa Cruz Biotechnology, Inc.), anti-JNK (sc-7345, Santa Cruz Biotechnology Inc., USA), and LC3 (LC3B, NB100-2220, Novus Biologicals Littleton, CO, USA) primary antibodies at 1:100 dilution with PBS for 18 h at 4°C. After incubation with a secondary antibody, the sections were stained using a DAB-plus substrate kit (Thermofischer Scientific Waltham, MA, USA). To produce counterstaining, slides were then stained using Mayer's hematoxylin (72804E, Microm, Walldorf, Germany). Slides were subjected to blind assessment using a light microscope (Olympus BX-43, Tokyo, Japan). Negative controls received the same staining treatments and produced no labeling in any of the cases. Intensity of immunoreactivity for each slide was scored as mild (1), moderate (2), strong (3), or very strong (4).
█ RESULTS
Following 72 hours of incubation, the control chick embryos revealed clearly visible brain vesicles in the form of the telencephalon, diencephalon, mesencephalon, and metencephalon. The initiation of pigmentation was observed on both the sides during the formation of the lens vesicle and the eye. The heart and the bulbus cordis were clearly located at their appropriate site. In addition, the descending aorta and the otic vesicle could be visibly distinguished among the structures. Additionally, the spinal cord was seen to have extended up to the tail bud with the cloaca, and the somites were observed to settle down at this stage, and the curvature was decreased (Figure 1 ).
The embryos in the therapeutic dose group appeared more curved than those in the control group. Further, the vesicles were occluded, and the retinal pigmentation was reduced (Figure 2 ).
The vesicles in the supratherapeutic dose group appeared more distinct but smaller than those in the control and therapeutic dose groups. Further, the heart was clearly visible at its precise site, but its size was reduced, and the somites were apparently evident. However, the supratherapeutic dose group exhibited no morphological findings related to neural tube defects in the macroscopic examination (Figure 2 ).
After 72 hours of incubation, in the microscopic examination of the embryos using hematoxylin & eosin staining, the continuity of the surface ectoderm was preserved; the neural tube and the notochord were at the correct site; and no mortalities, developmental delays, or neural tube defects were observed. Furthermore, the dorsal aorta and hind gut were detected, and the chorion and amnion surrounded the embryo (Figure 3A-C) .
Immunohistochemical staining for mammalian target of rapamycin (mTOR), c-Jun N-terminal kinase (JNK), and microtubule-associated proteins 1A/1B light chain 3 (LC3) was performed in all the groups (Table I, Figure 4) . mTOR staining was moderate to strong (++/+++) in the control group, with staining intensity increasing toward the periphery. 
A B C █ DISCUSSION
Neural tube development includes several processes, such as the development of the neural plate and the augmentation of the lateral neural folds, which ultimately fuse to construct the neural tube (7). The disruption of any of these processes causes neural tube defects, primarily spina bifida. The chick embryo was used in this study because it serves as an exceptional model for the investigation of prenatal fetus development, including neural tube closure. Moreover, several earlier reports have employed this model to examine the influence of different compounds, such as cotinine, meloxicam, and phenytoin, on early embryonic neural tube development (5,8,11,13,34,35).
The majority of anticonvulsant drugs, such as phenytoin, carbamazepine, valproate, and phenobarbital, have been correlated to fetal abnormalities, including growth and developmental delay, microcephaly, orofacial clefts, digital anomalies, and neural tube defects (15) . The possible mechanism underlying the induction of embryonic malformations by all these drugs has been reported to be mediated through apoptosis (2). Among these drugs, carbamazepine was considered to exert the fewest teratogenic effects until recently developed anticonvulsant drugs, such as pregabalin and gabapentin, were introduced (15) . However, data regarding the effects of such recently developed AEDs on the prenatal fetus remain scarce.
However, in the therapeutic and supratherapeutic dose groups, the staining intensity decreased (+/++). Further, weak (+) immunoreactivities of JNK were detected in the control and therapeutic dose groups, while moderate immunoreactivity was detected in the supratherapeutic dose group. In the control and therapeutic dose groups, LC3 staining was moderate (++), but the staining area was larger. Furthermore, similar staining patterns in the neural tube, notochord, and other tissues were observed in the therapeutic dose and control groups. However, in the supratherapeutic dose group, the staining was strong (+++) at every site, including the neural tube and the notochord, compared with that in the control and therapeutic dose groups. and anti-apoptotic proteins through distinct phosphorylation events (9) . In the present study, weak JNK expression was observed in the control and therapeutic dose groups, whereas moderate expression was detected in the supratherapeutic dose group, indicating the activation of the apoptotic pathway.
It is well known that autophagy is regulated by a series of Atg genes. During the regulation of autophagy, Atg8 (LC3) is specifically cleaved and lapidated to become LC3-II, which is deployed to the autophagosome membrane. Increased levels of LC3-II proteins and LC3-II-containing autophagosomes are the key biomarkers for autophagy (17) . LC3 staining in the current study was moderate in the control and therapeutic dose groups and strong in the supratherapeutic dose group, indicating increased autophagy in the supratherapeutic group following pregabalin administration.
█ CONCLUSION
Pregabalin administration induced neural tube defects and fetal malformations in the chick embryo most probably through increased autophagy due to enhanced apoptosis in the prenatal fetus. This study provides an insight into the effects of pregabalin on the recently developed AED's on embryonic neural tube development, which should be explored through further research. The chemical structure of pregabalin is very similar to that of gabapentin, yet pregabalin is more efficacious and is more rapidly absorbed. Recent studies have reported that pregabalin decreases the release of central neurotransmitters by binding to the α2δ-1 subunit of the voltage-dependent Ca +2 channel, virtually inactivating the GABA receptors. AEDs particularly affect brain development; however, in the case of pregabalin, limb deformities have been reported to be the most commonly observed disorders (22) . In the present study, the administration of therapeutic and supratherapeutic doses of pregabalin resulted in the formation of curved embryos compared with the normal embryos in the control group. Further, the vesicles were occluded and the retinal pigmentation was reduced following pregabalin administration. These results may be caused by increased apoptosis (a type I programmed cell death) involving the activation of the caspase-3 protease pathway. The involvement of caspases in the fetal abnormalities has been previously demonstrated with other teratogens (38) .
Apoptosis plays a crucial role in the origin, development, and equilibrium of the developing central nervous system (CNS) by contributing to the folding and fusion of the neural walls. Previous studies have reported that neural tube defects are associated with excessive neuroepithelial apoptosis (14, 31) . Further, apoptosis is primarily regulated by the Bcl-2 protein family, adaptor protein Apaf1, and cysteine protease caspase family. In addition, DNA methylation plays a significant role during early embryogenesis, and impaired methylation disrupts neurulation (28, 30, 36) . Furthermore, neurogenesis involves the down regulation of pluripotent genes (Oct4, Nanog, and Rex1) and the anti-neural REST/Scp1 during CNS development (21, 37) , the expressions or mutations of which affect neural tube closure. Moreover, a recent study has reported that MARCKS, an F-actin-binding protein, is crucial during gastrulation and neurulation for maintaining neuroepithelial polarity. The phosphorylation of MARCKS by PKC leads to the impairment of the cell polarity of the chick neural plate, ultimately hampering neurulation (1).
In another study, pregabalin did not exhibit any teratogenic effects following its administration to rats at doses up to and including 2500 mg/kg/day (25) . However, in the present study, pregabalin exerted teratogenic effects at much lower doses of 600 and 1200 mg/70kg.
Reportedly, the mTOR signaling pathway regulates autophagy (a type II programmed cell death) by inhibiting its initiation (16) . In the present study, mTOR expression was moderate to strong in the control group, indicating a decrease in apoptosis rate, whereas mTOR expression decreased in the therapeutic and supratherapeutic dose groups, indicating an increase in apoptosis rate through enhanced autophagy following pregabalin administration to digest the cellular components and dysfunctional proteins that are no longer useful.
JNK plays a vital role in the initiation of both extrinsic and mitochondrial intrinsic apoptotic pathways. It activates apoptotic signaling by upregulating pro-apoptotic genes through the transactivation of specific transcription factors or by directly regulating the activities of mitochondrial pro-
